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The Earth was born from a giant impact at 4.56 Ga. It is generally thought that the Earth subsequently
cooled, and hence shrunk, over geologic time. However, if the Earth’s convection was double-layered, there
must have been a peak of expansion during uni-directional cooling. We computed the expansion-
contraction effect using ﬁrst principles mineral physics data. The result shows a radius about 120 km
larger than that of the present Earth immediately after the consolidation of the magma-ocean on the
surface, and subsequent shrinkage of about 110 km in radius within about 10 m.y., followed by gradual
expansion of 11 km in radius due to radiogenic heating in the lower mantle in spite of cooling in the upper
mantle in the Archean. This was due to double-layered convection in the Archean with ﬁnal collapse of
overturn with contraction of about 8 km in radius, presumably by the end of the Archean. Since then, the
Earth has gradually cooled down to reduce its radius by around 12 km. Geologic evidence supports the late
Archean mantle overturn ca. 2.6 Ga, such as the global distribution of super-liquidus ﬂood basalts on nearly
all cratonic fragments (>35 examples). If our inference is correct, the surface environment of the Earthmust
have undergone extensive volcanism and emergence of local landmasses, because of the thin ocean cover
(3e5 km thickness). Global unconformity appeared in cratonic fragments with stromatolite back to 2.9 Ga
with a peak at 2.6 Ga. The global magmatism brought extensive crustal melting to yield explosive felsic
volcanism to transport volcanic ash into the stratosphere during the catastrophic mantle overturn. This
event seems to be recorded by sulfur mass-independent fractionation (SMIF) at 2.6 Ga. During the mantle
overturn, a number of mantle plumes penetrated into the upper mantle and caused local upward doming
of by ca. 2e3 km which raised local landmasses above sea-level. The consequent increase of atmospheric
oxygen enabled life evolution from prokaryotes to eukaryotes by 2.1 Ga, or even earlier in the Earth history.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Earth has evolved, releasing heat since it formed at around
4.5 Ga. Solid-state convection is a major mechanism for the ener-
gy transfer in the mantle. Many geodynamic calculations have
demonstrated that the post-spinel phase transition, which is the
boundary between the upper and lower mantle, may have a crucial
effect on this process (e.g., Christensen and Yuen, 1985; Tackley,
1995). The negative Clapeyron boundary of this phase changeþ81 89 927 8405.
uchiya).
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sity of Geosciences (Beijing) and Ptends to stabilize double-layered convection, i.e., separate circulation
of upper- and lower-mantle materials, whereas convection ﬂows
could easily penetrate the boundary and whole mantle convection
could occur if the Rayleigh number is low enough (107; Steinbach
et al., 1993). When the post-spinel transition occurs in a cooling
mantle whose Rayleigh number decreases with time, cold upper-
mantle material breaks through the boundary and ﬂushes into
the lower mantle (cold avalanche; Solheim and Peltier, 1994),
whereas hot lower-mantle material shoots up into the upper
mantle. After this mantle overturn, whole mantle convection or
layered convection with intermittent mass transfer triggered by
cold avalanches is initiated. Seismological (Fukao et al., 1992) and
geochemical (Hofmann, 1997) evidence suggests that the Earth’s
mantle is currently in the intermittent regime.
Instability due to the ﬁrst mantle overturn is expected to have
the largest amplitude of mass and heat ﬂux and might be a crucial
event in the Earth’s history. Breuer and Spohn (1995) proposed that
this was associated with the Archean to Proterozoic transition.eking University. Production and hosting by Elsevier B.V. All rights reserved.
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incorporating the changes in convection layering, and demon-
strated that in the layered convection regime the lower mantle
heats up with time due to less effective energy transfer caused by
the blanket effect, followed by a rapid temperature change across
the ﬁrst instability expected at about 3.0e2.8 Ga (Fig. 1). A
substantial temperature contrast of w1050 K was estimated to
develop between the upper and lower mantle just before the
instability, which may reduce the density contrast across the
660 km discontinuity and trigger gravitational instability associ-
ated with the density overturn. Also substantial volume changes of
the lower mantle can be expected during the gradual heating in the
layered convection regime and the following rapid cooling during
the overturn. The large temperature variation should cause thermal
expansion and contraction of mantle, which could change the
mantle thickness with time. The variations of the density contrast
and mantle thickness have not yet been clariﬁed. In this study we
perform quantitative calculations to investigate the possible
driving force of the mantle overturn, because thermo-physical
properties of mantle phases are now available for the entire pres-
sure and temperature ranges of the mantle.
2. Model
We consider the potential temperature evolution model
proposed by Breuer and Spohn (1995) with modiﬁcations by recent
reﬁnements (Komiya, 2007). In this study, we only consider the
Earth after differentiation of its metallic core. In order to calculate
the variations of density and thickness of the upper and lower
mantle, we consider the pyrolitic petrologic model, the represen-
tative approximation of the upper mantle composition, as a ﬁrst
attempt, where the components are primarily olivine, garnet, and
pyroxene with w55%, 15%, and w30% in volume in the upper-
mantle region (e.g., Ringwood, 1962; McDonough and Sun, 1995),
together with high-pressure polymorphs, silicate perovskite and
ferropericlase with w80% and w20% in the lower-mantle region
(e.g., Irifune and Tsuchiya, 2007), respectively. Thermal equations of
state of the mineral phases are presently available for the entire
range of mantle P-T conditions by the ab initio density functional
computations and in situ X-ray diffraction measurements. Here we
employ the equation of state (EoS) parameters reported by Tsuchiya
et al. (2005), Yu and Wentzcovitch (2006) and Li et al. (2007).
Variation of the mantle thickness due to thermal expansion and
contraction was calculated as follows. The density variation due to
thermal expansion:Figure 1. The temperature evolution of the mantle proposed by Breuer and Spohn
(1995) with modiﬁcations by recent reﬁnements for hot spots (dots) and for ridge
(diamonds) (Komiya, 2007). Estimations without mantle overturn by Stacey and Davis
(2008) are also shown by a light green shaded area.rðP; T þ DTÞ ¼ rðP; TÞ
1þ aðP; TÞDT (1)can be calculated using the thermal EoS. Thermal expansivity (a) is
also derived from EoS. Pressure at the depth (z) is represented from
the hydrostatic principle as:
PðzÞ ¼
Zz
0
rðr0Þgðr0Þdr0 (2)
where the gravity (g) is obtained as:
gðrÞ ¼ 4pG
Zr
0
rðr0Þr02dr0
r2
(3)
where G is the gravitational constant. The temperature at the depth
(z) is calculated using the potential temperature given in Fig. 1 and
the adiabatic temperature gradient.

dT
dz

S
¼ agT
CP
(4)
where CP is the isobaric heat capacity also derived from thermal
EoS. The density proﬁle along geotherm can be calculated from
these relationships as a function of depth, but now it discontinu-
ously increases across the post-spinel phase change. The post-
spinel transition condition, which also changes depending on
pressure and temperature, is monitored using the calculated
pressure value and temperature. Here, we refer to the phase
diagram of Mg2SiO4 determined by ab initio computation (Yu
et al., 2007). The mantle thickness is then determined under the
constraint of the total mass conservation:
mtotal ¼ mupper mantle þmlower mantle ¼ const (5)
where:
ma ¼ 4p
Zrtop
rbottom
raðrÞr2dr ða ¼ upper or lower manlteÞ (6)
These equations are mutually dependent and must be solved
iteratively. The reverse time evolution is calculated from initial
values of the current Earth taken from PREM (Dziewonski and
Anderson, 1981).3. Results
The calculated thicknesses of the upper, lower, and whole
mantle with time are shown in Fig. 2. In the Archean eon, the
lower mantle thickens with time, whereas the upper mantle is
slightly thinned, due to the temperature variation of each layer.
Finally, the lower mantle becomes more than 20 km thicker than
its present value just before the mantle overturn at 3.2 Ga. Since
the variation of the upper mantle thickness is small, the variation
of the whole mantle thickness is comparable to that of the lower
mantle. Once the mantle overturn begins and the blanket effect on
the lower mantle starts to break, the lower mantle contracts by
w15 km rapidly within the following 0.4 Ga. In contrast, the upper
mantle rapidly expands byw7 km at the same time, and thus the
whole mantle thickness decreases more gradually. However, the
change in the mantle thickness is signiﬁcant across the mantle
overturn at 2.8 Ga compared to the following contraction to the
present date.
Figure 2. Secular change of thickness of upper mantle, lower mantle and whole
mantle.
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lower mantle at their boundary is reported for the present Earth
(Dziewonski and Anderson, 1981). Using this value as a reference
for the case of the zero temperature contrast (Fig. 1), we estimate
the time dependence of the density contrast at the boundary
between the upper and lower mantle (Fig. 3). Our results indicate
that the density contrast decreases to w6% just before the mantle
overturn due to the signiﬁcant heating of the lower mantle. This
considerable reduction of the density contrast likely facilitates the
mantle overturn, even though it is still positive.
The phase transition buoyancy parameter deﬁned as:
Ph ¼
GðDr=rÞ
argh
(7)
is an indication of the stability of layered convection, where G is the
Clapeyron slope, Dr is the density contrast across phase boundary,
and h is the scale height. A negative Clapeyron boundary shows
a negative value of Ph and negatively large Ph favors the layering of
the mantle convection (Christensen and Yuen, 1985). The present
mantle with intermittent energy transfer should have Ph close to
the threshold between the whole mantle and layered convection,
which is thought to be 0.2. If Dr decreases fromw10% tow6%, Ph
substantially increases by w40%, even though it is still negative.
This clearly means that the layered convection was becoming
unstable in the late Archean. If the instability occurs at 660 km
depth, ringwoodite breaks down to Mg-perovskite þ wustite at
660 km depth at present, presumably ca. 720 km depth in the late
Archean (Maruyama et al., 2002) to initiate a slab-avalanche at theFigure 3. Time dependence of the density contrast between the upper and lower
mantle at their boundary.lowest T region beneath the late Archean subduction zone. The
instability makes the nearly whole upper mantle move down into
lower mantle. The remnant would constitute the so-called tecto-
sphere (keel) underneath many of the Archean cratons. On the
other hand, to replace the vacant mass in the upper mantle, hot and
fertile lower-mantle materials must have entered into the upper
mantle simultaneously. The decompressional melting of fertile
mantle plumes immediately after entering into the upper mantle
would have facilitated extensive ﬂood basalt on a global scale. This
is the possible mechanism of mantle overturn (Fig. 4).
4. Discussion
In the following sections, we brieﬂy summarize the original
concept of the expanding Earth, and the new model of ﬂuctuation
of expanding and contracting Earth through time as proposed in
this paper. We then summarize the observed dataset.
4.1. Original concept
The concept of an “Expanding Earth” was proposed by Carey
(1976) after the establishment of plate tectonics in 1968. He spec-
ulated that the size of the young Earth was R ¼ 4000 km when
formed at 4.6 Ga, but expanded to R ¼ 6400 km up to now. This
unusual change of volume through time cannot be explained
by thermal effect through time. Instead, he considered that
Newton’s gravitational constant “G” might have steadily decreased
throughout the history of Universe at 13.7 Ga (e.g., Yabushita, 1984)
(Fig. 5).
4.2. Role of rising plume
Shortly after the proposal of Carey (1976), and accepting the idea
of ocean-ﬂoor spreading, Owen (1976) and Steiner (1977) invoked
the need for an expanding Earth by the ﬁtting of continental margin
at divergent margin just before the breakup of Pangea at 190 Ma. If
the local expansion of the Earth is occurring, the conﬁguration of
continental margin can be ﬁtted better than the ﬁt without localFigure 4. A mechanism of mantle overturn and aftermath of global ﬂood basalts on
the Earth.
Figure 5. The concept of “Expanding Earth” by Carey (1976, 1988) (a) and the model proposed in this study (b).
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local plume upwelling and doming that modify the local topog-
raphy. In the same way as mantle overturn proposed by Breuer and
Spohn (1995), surface topography must have been extensively
modiﬁed by local volume expansion due to localized upwelling
plumes. Conversely at the same time, the cold avalanche from the
upper mantle must have been removed into the lower mantle
resulting in volume reduction. If a basal magma-oceanwas present,
its volume would have been reduced extensively depending on its
scale and time length.
4.3. Expanding and contracting Earth
We have examined the concept of expanding Earth, following
the thermal effect after Breuer and Spohn (1995). If we follow the
thermal model of Breuer and Spohn (1995), the size of young solid
Earth at 4.5 Ga was 10 km larger in radius, and gradually expanded
up to a 21 km maximum at 3.3 Ga. Thereafter, mantle overturn
proceeded to shrink the radius by 15 km by 2.8 Ga. Rapid
contraction occurred from 3.3 to 2.8 Ga, presumably associated
with extensive ﬂood basalts on the Earth’s surface, similar to the
nearly perfect resurfacing on Venus at 500e600 Ma. The ﬁnal
contraction of the Earth’s radius was up to 12 km from 2.8 Ga to the
present (Fig. 2). It should be noted that the radius of the Earth could
have been 120 km larger than today during the stage of magma-
ocean right after the giant impact to yield whole Earthmelting (e.g.,
Ida et al., 1997). The Earth then cooled down to consolidate, but the
radius was 10 km larger than today at 4.6e4.5 Ga if we follow the
above thermal model (see Fig. 1 of Breuer and Spohn, 1995).
4.4. Mechanism of mantle overturn
We have also calculated the time-dependent density contrast
between upper and lower mantle in the double-layered Archeanmantle, following the thermal model by Breuer and Spohn (1995).
The result shows a rapid decrease of density contrast, from 8.7% to
6.3%, indicating gravitational instability, followed by a sudden
increase since 3.0 Ga from 6.3% to 9.25% to 2.7 Ga (Fig. 3). It should
be noted that the density contrast certainly reduced through time in
the Archean between the lower and upper mantle until 3.0 Ga, but
never changed to be negative as a whole. This suggests that an
additional mechanism was required to trigger the overturn (Fig. 6).
The trigger must be the phase change at 660 km depth:
ringwoodite ¼ Mg-perovskite þ wustite with negative Clapeyron
slope (e.g., Ito and Takahashi,1989; Yu et al., 2007). In addition, local
heterogeneity of density and viscosity through this phase change
would have aided the dynamic overturn at the boundary.
4.5. Surface records on the Earth and Venus
If the scenario discussed above is correct, the late Archean Earth
must have been covered entirely by ﬂood basalts not only on-land
but also on the ocean-ﬂoor. The evidence for this has been
summarized by Komiya et al. (2002), who showed global distri-
bution of 2.8e2.6 Ga ﬂood basalts covering almost all cratonic
fragments on the Earth (from over 35 locations). Although most of
these are fragmented, the expected magma viscosity from super-
liquidus afﬁnity suggests ﬂood basalt cover over the entire conti-
nents (Komiya et al., 2002).
More recently, Condie et al. (2009) summarized the nature of
the Archean/Proterozoic boundary, and pointed out the following
characteristics: (1) global unconformity, (2) zircon peak, (3)
extensive TTG formation, and (4) strongest peak of sulfur mass-
independent fractionation (Fig. 7), all supporting the idea of
mantle overturn. Moreover, a major pulse of magmatism charac-
terized by high temperature komatiitic magma appearing
predominantly at this boundary has been recently suggested
through the extensive compilation of data through Earth history.
Figure 7. Surface environmental change of the Earth during the mantle overturn modiﬁed after Condie et al. (2009). Local mantle upwellings pushed up and exposed TTG material
above sea-level (shown with purple shade). The ﬁrst appearance of global unconformity marks the initiation of nutrient supply from land to oceans. Secular distribution of U/Pb
zircon ages, rock types, and other features between 3000 and 1500 Ma. Vertical axis for greenstones, granitoids and LIPS is number of occurrences, and vertical axis for banded iron
formation is fraction of known iron ore reserves. Unconformity locations, from top to bottom: Pilbara craton, Western Australia; Huronian Supergroup, Canada; Hurwitz Group,
Canada; Karelia craton, Finland; Transvaal Supergroup, South Africa; Griqualand West, South Africa.
Figure 6. HadeaneArchean Earth (top) and ProterozoicePhanerozoic Earth (bottom). Different styles of mantle convection are shown with the transient time of mantle overturn
over 200e300 m.y. Note the expanding Earth from Hadean to end of Archean ca. 11 km in radius through the transient time with rapid contraction 15 km/200e300 m.y. to the
modern Earth with 6 km contraction.
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process of mantle overturn, because Venus and Earth are both
similar rocky planets in size. Venus, however, lacks plate tectonics,
hence by lesser cooling. The distribution of craters on Venus is very
homogeneous and the cratering rate shows an age of 300e500 Ma
(Phillips et al., 1992; Price and Suppe, 1995). New estimates of
resurfacing modiﬁed this date to 750 Ma (McKinnon et al., 1997).
The combined data suggest the resurfacing by ﬂood basalts some-
time during 300e750 Ma.
4.6. Signiﬁcance of overturn to control the surface environment and
evolving life
In contrast to the model of Carey (1976), the expanding and
contracting effect is small (of the order of a few km), although
extremely effective and important, because the Earth is covered by
small amounts of water: a 3.5 km thick ocean at the time of
formation of this planet at 4.5 Ga, and presently with an average
thickness of 3.8 km. The Earth should therefore be called a “naked
planet” (Maruyama et al., 2013).
When a rising plume approaches the surface, it domes up the
surface by around 2000e3000 m. In the case of ocean-ﬂoor, huge
oceanic plateaus such as Cretaceous Ontong-Java with 20e30 km
crustal thickness appeared above sea-level (Ustunomiya et al.,
2007). Recent Africa is another example where the African rift
valley was elevated ca. 2e3 km above sea-level since Miocene from
north to south by curtain-like rising mantle of upwellings anchored
by plumes.
Archean Earth is characterized by the near-absence of sedi-
mentary rocks such as arkosic sandstone (Ronov et al., 1991;
Bradley, 2011; Keller and Schoene, 2012; Maruyama et al., 2013),
because of high-stand sea-level (Maruyama and Liou, 2005). If
continents were below sea-level, there would be no way to
distribute nutrients from continents into ocean with resultant
high p(O2) in the atmosphere. Nutrients supply and high p(O2)
are the most critical to evolve and feed life (Maruyama et al.,
2013).
Right after the mantle overturn at the Archean/Proterozoic
boundary, a number of stromatolites appeared in all Archean
cratonic fragments (e.g., Condie et al., 2009), and p(O2) increased up
to 1/100 PAL level (Kasting, 1993; Holland, 1994, 2006; Farquhar
et al., 2000), which enabled birth of eukaryotes right after 2.7 Ga
(Summons et al., 1999) or by at least 2.1 Ga (Han and Runnegar,
1992). This caused the ﬁrst global unconformity through the
Earth history (Condie et al., 2009), and supply of nutrients along
continental margin and a rapid increase of p(O2) in atmosphere
(Maruyama et al., 2013; Fig. 7).
The event at 2.7 Ga or roughly speaking Archean/Proterozoic
boundary is one of the epoch-making events to evolve life, and
the ultimate trigger of the surface environmental change was
mantle overturn and resultant plume upwelling to expose local
landmass on the Earth’s surface. Expansion of the Earth must have
also contributed to lowering of sea-level by ca. 100 m during the
overturn, but the local mantle upwellings were more effective to
expose the landmass of TTG (tonalite-trondhjemite-granodiorite)
composition as the best balanced nutrients for life (Maruyama
et al., 2012).
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